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The advanced tensor based concept of pore pressure-stress coupling is used to provide pre-injection
analytical estimates of the maximum sustainable pore pressure change, DPc, for ﬂuid injection sce-
narios into generic anticline geometries. The heterogeneous stress distribution for different prevailing
stress regimes in combination with the Young’s modulus (E) contrast between the injection layer and the
cap rock and the interbedding friction coefﬁcient, m, may result in large spatial and directional differences
of DPc. A single value characterizing the cap rock as for horizontal layered injection scenarios is not
obtained. It is observed that a higher Young’s modulus in the cap rock and/or a weak mechanical
coupling between layers ampliﬁes the maximum and minimum DPc values in the valley and limb,
respectively. These differences in DPc imposed by E and m are further ampliﬁed by different stress re-
gimes. The more compressional the stress regime is, the larger the differences between the maximum
and minimum DPc values become. The results of this study show that, in general compressional stress
regimes yield the largest magnitudes of DPc and extensional stress regimes provide the lowest values of
DPc for anticline formations. Yet this conclusion has to be considered with care when folded anticline
layers are characterized by ﬂexural slip and the friction coefﬁcient between layers is low, i.e. m ¼ 0.1. For
such cases of weak mechanical coupling, DPc magnitudes may range from 0 MPa to 27 MPa, indicating
imminent risk of fault reactivation in the cap rock.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Subsurface engineering applications such as waste water
disposal, CO2 geological sequestration and hydrocarbon production
involving the injection of ﬂuids cause a change in pore ﬂuid pres-
sure, which in turn affects the in situ effective state of stress in the
subsurface. The selection of suitable injection sites depends criti-
cally on the assessment of geomechanical risks such as fracture
reactivation associated with the pore pressure increase (e.g. Streit
and Hillis, 2004; Li et al., 2006; Rutqvist et al., 2007, 2008; Vidal-
Gilbert et al., 2008; Cappa and Rutqvist, 2011; Zoback, 2012).
Sibson (2003) showed that hydraulic extensional fractures are only
critical for intact rock at low differential stress and that the reac-
tivation of cohesionless, optimally oriented shear fracturesock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.determines the lower limit of sustainable reservoir overpressures.
These fractures, if critically stressed, represent ﬂuid ﬂow pathways
(Barton et al., 1995) along which injected ﬂuids such as dissolved
CO2 may escape into the atmosphere or into freshwater aquifers. If
such fractures are reactivated due to ﬂuid injection applications,
seismicity with moment magnitudes ranging from 3 to 5 can be
observed (e.g. Gibbs et al., 1973; Wesson and Nicholson, 1987;
Frohlich et al., 2010; Cappa and Rutqvist, 2011; Verdon et al., 2011).
Whilst a general understanding of the physical process resulting
in fracture reactivation and seismicity exists, for a detailed site-
speciﬁc risk assessment, extensive time-consuming numerical
modeling studies coupling ﬂuid ﬂow simulation through porous
media with a geoemchanical analysis are necessary to evaluate
these risks (e.g. Settari and Mourits, 1998; Minkoff et al., 2003;
Dean et al., 2006; Rutqvist et al., 2007; Vidal-Gilbert et al., 2008;
Cappa, 2011; Cappa and Rutqvist, 2011). As a major conclusion from
such studies, the prevailing stress regime (Rutqvist et al., 2007,
2008; Paradeis et al., 2012) and the ﬂuid ﬂow boundary condi-
tions (Rutqvist et al., 2007; Zhou et al., 2008; Amirlatiﬁ et al., 2012)
are the most critical parameters. However, with respect to waste
water disposal operations, a study by the National Research Council
(NRC, 2012) concluded that data on fault locations, size and fault
Fig. 1. Different stress components, s1, s2, and s3, in the principal axis coordinate
system can be represented as radial and tangential stresses along different axes with
respect to the injection location (after Altmann et al., 2010).
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to be supplemented to existing numerical models with accuracy on
a site-speciﬁc basis.
As a means to counter such disadvantages, simpliﬁed analytical
techniques can be used as a pre-injection risk estimate for fault
reactivation. The principle of pore pressureestress coupling
(Engelder and Fischer, 1994; Hillis, 2001) can be used to estimate
the maximum sustainable pore pressure, Pc, (e.g. Wiprut and
Zoback, 2000; Streit and Hillis, 2004; Rutqvist et al., 2007) for
sites where limited geological knowledge exists. Pore pressuree
stress coupling is based on the observation that the total mini-
mum horizontal stress changes with a change in pore pressure
(Teufel et al., 1991). However, recent studies by Altmann et al.
(2010, 2014) showed that pore pressureestress coupling does
affect not only the minimum horizontal stress but also all compo-
nents of the principal stress tensor and is a complex function of
space and time. Altmann et al. (2014) indicated that pore pressuree
stress coupling is therefore different for each stress regime. For the
risk of fault reactivation in a homogeneous full space, Altmann et al.
(2014) concluded that for strike-slip and compressional stress re-
gimes, the fault reactivation risk is the highest along the sH direc-
tion. For extensional stress regimes, the fault reactivation risk is the
highest along the sV direction. Therefore, a thorough understand-
ing of the state of stress at potential ﬂuid injection sites is
necessary.
Often numerical modeling studies of ﬂuid injection scenarios
are simpliﬁed to a horizontally layered sedimentary basin (Li et al.,
2006; Rutqvist et al., 2007, 2008; Zhou et al., 2008; Cappa and
Rutqvist, 2011). These simpliﬁed model geometries are valuable
to study the inﬂuence of parameters such as permeability, injection
rate, ﬂuid ﬂow boundary conditions and seal efﬁciency on CO2
plume spreading and pressurization (e.g. Zhou et al., 2008; Ehlig-
Economides and Economides, 2010; Cappa and Rutqvist, 2011). A
geomechanical risk assessment simulating an accurate represen-
tation of frequently heterogeneous in situ state of stress requires
model geometries reﬂecting the actual geological scenario and thus
considering the mechanical contribution arising from geometrical
heterogeneities (Rutqvist et al., 2008; Amirlatiﬁ et al., 2012;
Paradeis et al., 2012). In this regard, anticline structures are
among the most common structural traps for hydrocarbon reser-
voirs and thus become a prime target of the emerging challenge of
safe geological sequestration of CO2 (Metz et al., 2005) and waste
water disposal. CO2 sequestration in anticline structures has been
investigated by Paradeis et al. (2012) and Amirlatiﬁ et al. (2012).
Amirlatiﬁ et al. (2012) performed a ﬂuid ﬂow simulation analysis
based on generic anticline geometries and showed that low
amplitude, large wavelength anticline structures provide the best
conditions for CO2 sequestration. They also concluded that the ﬂuid
ﬂow boundary conditions are of utmost importance when evalu-
ating geomechanical risks due to ﬂuid injection. Paradeis et al.
(2012) utilized the same generic model geometries and per-
formed a ﬁnite element based pre-injection risk assessment by
calculating the critical pore pressure increase based on the
geometrical factors of anticline wavelength and amplitude and the
prevailing stress regime. Using a simpliﬁed analytical solution
neglecting pore pressureestress coupling, they concluded that the
stress regime is the most critical factor and that for extensional and
strike-slip stress regimes, anticline structures provide safer condi-
tions than horizontally layered basins.
In addition to the anticline geometry and the stress regime, the
friction coefﬁcient between bedding layers and its impact on critical
sustainable pore pressures, and the resulting risk of fault reac-
tivation merit special consideration. Flexural slip between sedi-
mentary layers accommodates the strain during multi-layer folding
and it has been shown that the presence or absence of interlayer slipstrongly controls the distribution and evolution of strain within
folded strata (Smart et al., 2009) and thus has a signiﬁcant impact on
fracture reactivation (Sanz et al., 2008; Smart et al., 2009). The
friction coefﬁcient between bedding planes effectively describes the
coupling between different layers, whereby a low friction coefﬁcient
represents a weak coupling and a high competence contrast be-
tween adjacent layers is produced (Twiss andMoores, 2007). A large
friction coefﬁcient represents a strong coupling and hence different
friction values should result in different stress and strain distribu-
tions across adjacent bedding layers.
In this study, three-dimensional (3D) ﬁnite element models of
generic anticline geometries are utilized to simulate the hetero-
geneous state of stress. Based on the advanced, tensor based
principle of pore pressureestress coupling (Altmann et al., 2014),
analytical equations of the maximum sustainable pore pressure
change, DPc, are derived to perform a pre-injection geomechanical
analysis to assess the fault reactivation risk for different stress re-
gimes. In addition, the inﬂuence of the interbedding coefﬁcient of
friction and the Young’s modulus contrast between injection layer
and cap rock are investigated for different locations in the anticline
structure. The analysis is based on the long-term limits given by
Altmann et al. (2010), which become especially relevant for sub-
surface engineering applications such as CO2 sequestration and
waste water disposal which are interested to estimate how much
pore pressure change is sustainable over long times.2. Theoretical background
2.1. Pore pressureestress coupling
Based on the solution of continuous ﬂuid injection obtained by
Rudnicki (1986), Altmann et al. (2010, 2014) showed that pore
pressureestress coupling, i.e. the ratio of Dsij/DP, is a complex
function of space and time and has tensor character. This means
that all components of the principal stress tensor are affected by
changes in pore pressure, contradictory to the previous concept
described by Engelder and Fischer (1994) and Hillis (2001). The
complex nature of the pore pressureestress coupling function can
be simpliﬁed by considering the long-term limits. When t/N, the
coupling ratios for the radial and tangential stress components
with respect to the injection location in a principal stress coordi-
nate system (Fig. 1, after Altmann et al., 2010) can be derived. For
A. Eckert et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 60e7262the radial stress, the coupling ratio matches the solution of
Engelder and Fischer (1994) without using any of their assumptions
(Altmann et al., 2010, 2014):
lim
t/N
Dsradð x!; tÞ
DPð x!; tÞ ¼ a
1 2n
1 n (1)
where a represents the Biot coefﬁcient and n the Poisson’s ratio.
For the tangential stress, the coupling ratio is given by (Altmann
et al., 2010, 2014):
lim
t/N
Dstanð x!; tÞ
DPð x!; tÞ ¼
1
2
a
1 2n
1 n (2)
Based on these long-term limits, the effective principal stress
tensor after a change in pore pressure, DP, can be calculated
(Altmann et al., 2014). If the effective state of stress prior to ﬂuid
injection/depletion is given by the radial effective stress, s0rad, and
the tangential effective stress, s0tan, a pore pressure change, DP, due
to ﬂuid injection results in the new effective stresses, s0rad and s
0
tan:s0ij ¼
0
BBBBBBB@
s0rad þ a
1 2n
1 n DP  DP 0 0
0 s0tan þ
1
2
a
1 2n
1 n DP  DP 0
0 0 s0tan þ
1
2
a
1 2n
1 n DP  DP
1
CCCCCCCA
(3)2.2. Maximum sustainable pore pressures for different stress
regimes
Based on long-term limits, the maximum sustainable pore
pressures, Pc, for fault reactivation is derived with respect to
different stress regimes (i.e. extensional, strike-slip and compres-
sional). The MohreCoulomb failure criterion for cohesionless fault
reactivation is used for the derivation:
s1  Pc ¼
1þ sin f
1 sin f ðs3  PcÞ (4)
where f is the friction angle. This can be rearranged in terms of the
effective stresses,s01 and s03, after a pore pressure change DP at the
critical (i.e. the maximum sustainable) pore pressure Pc:
s01 ¼
1þ sin f
1 sin fs
0
3 (5)
which, when DP ¼ Pc  P is introduced and the pore pressuree
stress coupling (for tangential stresses) is considered, is equal to:
s1  P þ
1
2
a
1 2n
1 n ðPc  PÞ  ðPc  PÞ
¼ 1þ sin f
1 sin f

s3  P þ
1
2
a
1 2n
1 n ðPc  PÞ  ðPc  PÞ

(6)
For the following derivations, we introduce a ¼ (1þsinf)/
(1  sinf) and solve Eq. (6) for Pc for various stress regimes. Due to
the nature of pore pressureestress coupling, Pc is derived for
different locations in the principal axis coordinate system (Fig.1). In
order to discuss implications for failure, corresponding differentialstress after a pore pressure change is also derived. The following
derivations are given for the general case involving principal
stresses, s1, s2 and s3. To obtain results for the speciﬁc stress re-
gimes where the principal stresses are given by the vertical stress,
sV, and the two horizontal stresses, sh and sH, corresponding order
of the principal stresses has to be used, i.e. for a compressional
stress regime, s1 ¼ sH and s3 ¼ sV.
(1) Along s3 direction: according to Fig. 1 and Eq. (4), s3 then rep-
resents the radial principal stress and s1 the tangential principal
stress. The MohreCoulomb criterion is then given by
s01 ¼ as03 (7)which including DP ¼ Pc  P becomes:
s1  P þ
1
2
a
1 2n
1 n ðPc  PÞ  ðPc  PÞ
¼ a

s3  P þ a
1 2n
1 n ðPc  PÞ  ðPc  PÞ

(8)Solving this equation for Pc results in:
Pc ¼ 1
a 12n1n ð1=2 aÞ  ð1 aÞ

as3  s1  a
1 2n
1 n Pða 1=2Þ

(9)
The resulting differential stress, sd ¼ s01  s03, is given by
sd ¼ s1Pþ
1
2
a
12n
1 n DPDP

s3Pþa
12n
1 n DPDP

(10)
(2) Along s2 direction: according to Fig.1 and Eq. (4), both s1 and s3
represent tangential principal stresses. The MohreCoulomb
criterion including DP ¼ Pc  P becomes:
s1  P þ
1
2
a
1 2n
1 n ðPc  PÞ  ðPc  PÞ¼ a

s3  P þ
1
2
a
1 2n
1 n ðPc  PÞ  ðPc  PÞ

(11)
Solving this equation for Pc results in:
Pc ¼ 1
ð1 aÞ

1
2a
12n
1n  1


as3  s1 
1
2
a
1 2n
1 n ða 1ÞP

(12)
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n

n
sd ¼ s1Pþ
1
2
a
12
1 n DPDP s3Pþ
1
2
a
12
1 n DPDP
¼ s1s3
(13)
(3) Along s1 direction: according to Fig. 1 and Eq. (4), s1 then
represents the radial principal stress and s3 the tangential
principal stress. The MohreCoulomb criterion including
DP ¼ Pc  P becomes:
s1  P þ a
1 2n
1 n ðPc  PÞ  ðPc  PÞ¼ a

s3  P þ
1
2
a
1 2n
1 n ðPc  PÞ  ðPc  PÞ

(14)
Solving this equation for Pc results in:
Pc ¼ 1
a 12n1n ð1 a=2Þ  ð1 aÞ

as3  s1  a
1 2n
1 n ða=2 1ÞP

(15)
The resulting differential stress, sd ¼ s01  s03, is given by
sd ¼ s1Pþa
12n
1 n DPDP

s3Pþ
1
2
a
12n
1 n DPDP

¼ s1s3þ
1
2
a
12n
1 n DP
(16)Fig. 2. (a) Model geometry and boundary conditions in the xez coordinate plane. The
model extends 1500 m in the y-direction and represents a cylindrical anticline
structure. The bottom of the model is constrained in the z-direction, and horizontal
strains, εxx and εyy, are used to simulate the stress regimes at the top of the injection
layer in the horizontally layered section of the model. (b) Elements of the symmetric
cap rock and injection layer sequence for which the results are presented. Locations of
“Valley”, “Limb”, and “Crest” denote regions of speciﬁc interest.3. Modeling approach
The numerical modeling analysis comprises a ﬁnite element
analysis based on the prevailing far-ﬁeld stress regime that is used
for a pre-injection assessment of critical sustainable pore pressure
differences for different stress regimes and interbedding friction
coefﬁcients. It is important to note that the modeling approach is
based on the assumption that the anticline structure is pre-existing
and that static displacement boundary conditions can be used to
simulate different far-ﬁeld stress regimes. The modeling approach
does not consider the structural development of the anticline over
geological time scales. Different geological strain rates andmaterial
property distributions result in different states of stress of a fold
(e.g. Lemiszki et al., 1994). Since folding in most natural cases in-
volves viscous or visco-elastic deformation processes, it is plausible
that the syn-folding stress distribution during viscous or visco-
elastic folding processes is likely to be relaxed and elastic post-
folding deformation events can superimpose the state of stress. It
is clear that the modeling approach presented together with the
equations to calculate DPc can also be applied to more complex
strain rate dependent model scenarios. However, such an approach
requires additional sensitivity analyses reﬂecting the temporal
evolution of deformation which is beyond the scope of this paper.
For the purpose of this paper it is assumed that the anticline ge-
ometry is pre-existing and that a static state of stress using
displacement boundary conditions is considered sufﬁcient for the
study of the model parameters of the anticline and represents a
common approach to simulate in situ stress states for geo-
mechanical studies (e.g. Rutqvist et al., 2007; Eckert and Connolly,
2007; Buchmann and Connolly, 2007; Altmann et al., 2014; Eckert
and Liu, 2014).The geometry and boundary conditions for the generic anticline
structures used in this study are shown in Fig. 2a. The model di-
mensions are 6000 m (x-direction)  1500 m (y-
direction)  2750 m (z-direction). In order to minimize any
boundary effects of the numerical model, the anticline is positioned
in the center of the model with 1500 m of horizontally layered
material on both sides of the anticline. The model geometry com-
prises a cap rock layer and an injection layer (Fig. 2b) as part of a
sandstone and shale sequence in the middle of the model which is
covered by an overburden layer and supported beneath by a
basement layer. The total thickness of the shale and sandstone
sequence is 500 mwith each layer having a thickness of 100 m. The
interface between each layer is modeled as a frictional contact
surface enabling in-plane displacements. Four different friction
coefﬁcients of 0.1, 0.3, 0.5 and 0.8 are tested. The material proper-
ties for the different layers are given in Table 1. The pore pressure
distribution is hydrostatic.
The ﬁnite element analyses are run in two consecutives steps
using the commercial ﬁnite element software code ABAQUS. The
ﬁrst step serves to equilibrate the gravitational force over the
completemodel domain (e.g. Buchmann and Connolly, 2007; Smart
et al., 2009; Eckert and Liu, 2014). In the second step, displacement
boundary conditions calculated using the equations of linear poro-
elasticity (Jaeger et al., 2007) are used to generate the strains
simulating the different stress regimes in three dimensions. The
respective values of the horizontal stresses for the different stress
regimes are all calculated for the top of the injection layer in the
horizontally layered section. For all regimes, the vertical stress is
given by the integration of overburden density. For the extensional
stress regime, it is assumed that the sedimentary layers are
tectonically relieved and thus the uniaxial strain assumption to
calculate the resulting horizontal stresses applies (Engelder and
Fischer, 1994):
sh ¼ sH ¼
n
1 n sV þ
1 2n
1 n aP (17)
Table 1
Model elastic properties for various layers. The injection layer and the cap rock have
sandstone and shale properties, respectively.
Layer Density
(kg/m3)
Poisson’s
ratio
Same
Young’s
modulus
(GPa)
Higher Young’s
modulus in cap
rock (GPa)
Lower Young’s
modulus in cap
rock (GPa)
Overburden 2200 0.25 10 10 10
Basement 2350 0.25 20 20 20
Shale 2300 0.25 15 10 20
Sandstone 2240 0.25 15 15 15
A. Eckert et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 60e7264The strike-slip regime is characterized by sh ¼ 0.8sV and
sH ¼ 1.2sV. The compressional stress regime is characterized by
sh¼ 1.25sV and sH¼ 1.5sV. As the state of stress in the cap rock also
depends on the magnitude of the Young’s modulus, three different
scenarios are tested, i.e. same Young’s modulus for the cap rock and
the injection layer, a higher Young’s modulus for the cap rock, and a
lower Young’s modulus for the cap rock (Table 1).
Once the stress regimes are established in the horizontal section
of the model, it is clear that the geometry of the anticline structure
results in a heterogeneous state of stress where the horizontal and
vertical stresses are not principal stresses anymore. Based on the
far-ﬁeld stress regimes and the slip occurring between the bedding
planes, the principal stress distribution is calculated by the ﬁnite
elementmodel. The resulting heterogeneous distributions of s1 and
s3 magnitudes for each stress regime are then used to calculate the
critical pore pressure, Pc, according to Eq. (15) for various models
(with varying friction coefﬁcient and Young’s modulus).
4. Results
The maximum sustainable pore pressure change, DPc¼ Pc P, is
calculated for each stress regime along the direction posing the
largest risk for fault reactivation, i.e. the s1 direction. As the state of
stress in an anticline displays variations (Paradeis et al., 2012), it is
obvious that s1 in the anticline limb does not represent an Ander-
sonian stress direction anymore. Assuming a friction coefﬁcient of
m¼ 0.577 (i.e. a friction angle of f ¼ 30, resulting in a¼ 3) for fault
reactivation, a¼ 1, and using the model parameter of n¼ 0.25 in Eq.
(15), the critical pore pressures along the s1 direction for various
stress regimes can be determined:
Pc ¼ 95 s3 
3
5
s1 
1
5
P (18)
Contour plots of DPc for different model scenarios (i.e. varying
Young’s modulus and interbedding friction coefﬁcient, Table 1) for
different stress regimes are presented in Figs. 3e5, by which plots
showing the direction of s1 (Figs. 6e8) are accompanied for better
clariﬁcation. Only one half of the anticline structure is presented as
the results are symmetric.
4.1. Extensional stress regime
The results show that DPc values range from 0 MPa to 4.6 MPa
for various cases tested (Fig. 3). In general, it can be observed that
lower friction coefﬁcients lead to higher values of DPc. For a ho-
mogeneous Young’s modulus distribution, lower values of m result
in slightly lower DPc magnitudes in the cap rock compared to that
in the injection layer. If the cap rock features a higher Young’s
modulus (E),DPc magnitudes in the cap rock are larger than those in
the injection layer. A lower value of E results in lower DPc magni-
tudes in the cap rock. In addition, DPc varies along the geometry of
the anticline structure. The lowest DPc magnitudes occur at thecrest, intermediate magnitudes are throughout the limb, and the
highest magnitudes are present in the valley of the structure. The
most striking observation from Fig. 3 is the variation of DPc along
the crest of the anticline for all scenarios. At the bottom of the crest
DPc values are 0 MPa, and at the top of the crest DPc values are 1e
3 MPa for different values of E and m. This occurs in both the in-
jection layer and the cap rock. So whilst the top of the injection
layer may sustain a modest pore pressure increase, the bottom of
the cap rock is subjected to imminent fault reactivation. In contrast,
the opposite behavior can be observed at the valley, where the top
of the injection layer has DPc ¼ 0 and the cap rock can sustain
magnitudes of 1e4.6 MPa.
4.2. Strike-slip stress regime
The results show that DPc values range in 4.6e7.7 MPa for
various cases tested (Fig. 4). In general, lower values of m result in
higher DPc magnitudes. The highest DPc magnitudes (w7.7 MPa)
occur in the limb of the injection layer for the lowest m. The lowest
DPc magnitudes (w4.6 MPa) occur at the bottom of the crest for the
cap rock featuring a higher E than the injection layer and for the
lowest m. In addition, a larger m results in the largest DPc at the crest
and valley; a lower m results in the largest DPc in the limb. For a
homogeneous Young’s modulus (E) distribution, lower values of m
result in slightly lower DPc magnitudes in the cap rock compared to
that in the injection layer. The inﬂuence of the Young’s modulus
shows a clear dependence on the location within the structure. For
the limb, a higher E value in the cap rock increases DPc compared to
that in the injection layer and a lower E value decreases DPc. This
observation is occurring for all m ranging from 0.3 to 0.8. For m¼ 0.1,
a stronger mechanical decoupling results in slightly lower DPc in
the cap rock. At the crest, a higher E in the cap rock results in lower
DPc magnitudes (w0e5.5 MPa) at the bottom of the crest.
4.3. Compressional stress regime
The results show DPc values ranging from 0 MPa to 27.3 MPa for
the various scenarios tested (Fig. 5). In general, the results show
that the anticline limb can sustain larger pore pressure changes
along s1 direction than the crest and valley (Fig. 5). This behavior is
ampliﬁed for lower friction coefﬁcients, i.e. resulting in large dif-
ferences of DPc between the crest and the limb for the lowest m of
0.1. For a higher E in the cap rock, DPc reaches 0 at the bottom of the
cap rock. It should be noted again that this DPc is characteristic for
the s1 direction, which coincides with sH at the crest (Fig. 8), but
not the s3¼ sV direction. The differences in DPc at the crest strongly
depend on the magnitude of the Young’s modulus of the respective
layer. So whilst for a higher E in the cap rock DPc ¼ 0 MPa, the case
of a lower E in the cap rock results in DPc ¼ 12e15 MPa. These
differences in DPc with respect to the location in the anticline
structure become less pronounced. The stronger the coupling be-
tween the layers (i.e. the higher m) is, the lower the Young’s
modulus for the cap rock becomes, i.e. the case for m ¼ 0.8 and a
lower E in the cap rock results in almost uniform DPc magnitudes
across the structure ofw15e18 MPa.
5. Discussion
Calculating the maximum sustainable pore pressure change,
DPc, prior to ﬂuid injection represents a valuable method to esti-
mate the risk for reactivation of optimally oriented fractures.
Previous studies by Rutqvist et al. (2007, 2008) concluded that if
simpliﬁed analytical solutions, which are based on the coupling of
pore pressure and the minimum horizontal stress only, are uti-
lized, the poro-elastic effects are difﬁcult to be estimated and
Fig. 3. DPc results for the various model combinations for the extensional stress regime. Magnitudes range from 0 MPa to 4.6 MPa indicating imminent risk of fault reactivation
(gray contours) at the bottom of the crest in the cap rock.
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estimation of DPc arise. The more advanced tensor based concept
of pore pressureestress coupling (Altmann et al., 2010, 2014) en-
ables to account for the poro-elastic effects more reliably and, as
shown by Eq. (17), analytical solutions can be derived to calculate
DPc along the respective direction posing the highest risk for
reactivation of optimally oriented fractures for different stress
regimes. Such analyses become especially relevant when struc-
tural trap systems such as anticlines which feature a heteroge-
neous state of stress (Paradeis et al., 2012) are considered for ﬂuid
injection purposes. If anticline structures are characterized by
ﬂexural slip folding and the bedding interfaces are characterized
by frictional surfaces, the resulting stress heterogeneities between
injection layer and cap rock are ampliﬁed. The state of stress at any
point in such anticline structures can be simulated using ﬁnite
element analysis, and DPc can be calculated for the direction
featuring the highest risk of fault reactivation. It should be noted
that the absolute magnitudes of DPc presented in this study are
strongly subjective and in fact reﬂect the speciﬁc boundary con-
ditions of the generic model setups. The intent of this study is todocument the relative importance of various geological parame-
ters considered (i.e. stress regime, Young’s modulus contrasts
between injection layer and cap rock, and interbedding friction
coefﬁcient).
In the following sections each stress regime is discussed sepa-
rately, compared to the results obtained from a horizontally layered
model featuring the same stress regime, and suggestions for
preferred injection locations/conditions are presented. It should be
noted that the horizontally layered model for comparison does not
include interbedding frictional surfaces as no bending strains need
to be accommodated by ﬂexural slip.
5.1. Extensional stress regime
For the extensional stress regime of the anticline structure
modeled in this study, DPc magnitudes range from 0 MPa to
4.6 MPa. The highest risk of fault reactivation occurs in the vertical
direction along the crest of the anticline.DPc values at the bottom of
the cap rock are 0 MPa, indicating imminent risk of reactivation of
pre-existing normal faults with a dip ofw60. The upper part of the
Fig. 4. DPc results for the various model combinations for the strike-slip stress regime. Magnitudes range from 4.6 MPa to 7.7 MPa.
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fractures to occur at the bottom of a fold crest are extremely un-
likely and that pre-existing fractures in this location would most
likely represent thrust faults with a dip of 30 (Price and Cosgrove,
1990; Bergbauer and Pollard, 2004). Considering this scenario, DPc
values are most likely larger than 0 MPa (5.5 MPa, if Eq. (17) is
adjusted to consider 30 dipping thrust faults), providing a safe,
although small, pore pressure difference for injection of ﬂuids. The
spatial distribution of DPc suggests injecting ﬂuids at the valley of
an anticline structure that is characterized by a higher E in the cap
rock and that preferably features a low interbedding friction
coefﬁcient.
The overall small DPc magnitudes throughout the anticline
structure merit special consideration, especially when compared to
horizontally layered bedding planes featuring the same stress
regime and geological parameters (i.e. Poisson’s ratio, Young’s
modulus, density, uniaxial strain, boundary conditions) as consid-
ered in the anticline model. For such conditions, the state of stress
is in exact frictional equilibrium (Fig. 9a). Visualizing the effects of
pore pressureestress coupling due to ﬂuid injection in aMohr circle
(following Eqs. (9), (12) and (15); Fig. 9b) shows that, along the sV
and sH directions, DPc is zero and the risk of ﬂuid injection relatedfault reactivation is imminent for all layers. Only an increase of sh
by a tectonic contribution (Fig. 9c) or a Poisson’s ratio larger than
0.25 (Fig. 9d) results in a lower risk of fault reactivation and in
conditions suitable for ﬂuid injection. The state of stress within an
anticline structure represents such a condition and the simulations
presented here and the results presented by Amirlatiﬁ et al. (2012)
show that ﬂuids can be safely injected into an anticline structure
over an extended period of time under an extensional stress
regime.
Considering this comparison, the question arises if ﬂuids should
be injected into horizontally layered media in extensional stress
regimes? The low level and frequency of seismicity observed in
waste water disposal wells (NRC, 2012) indicate that in most like-
lihood optimally oriented normal faults are not present abundantly
in the subsurface and that for a more reliable estimate on DPc, Eqs.
(9), (12) and (15) should be adjusted for intact rock failure (see
Appendix). This conclusion is plausible as the generation of opti-
mally oriented normal faults requires extensional tectonic bound-
ary conditions (Jackson andWhite,1989) to decrease sh. For cases of
ﬂuid injection in active extensional tectonic regions such as rift
zones or crustal thinning regions, care has to be taken and Eqs. (9),
(12) and (15) apply.
Fig. 5. DPc results for the various model combinations for the compressional stress regime. Magnitudes range from 0 MPa to 27 MPa. Imminent risk of fault reactivation is present
for scenarios featuring a higher Young’s modulus in the cap rock and low friction coefﬁcient between the layers.
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For the strike-slip stress regime, DPc magnitudes range from
4.6 MPa to 7.7 MPa. Since the highest risk of fault reactivation oc-
curs approximately along the sH direction (Fig. 7), the results clearly
indicate that formations featuring a smaller Young’s modulus in the
cap rock should be avoided. For such a case (involving all m
considered), the cap rock features lower DPc magnitudes along this
direction. Also, a higher Young’s modulus in the cap rock in com-
bination with a very low m should be avoided as this condition re-
sults in the lowest DPc at the bottom of the crest in the cap rock.
Most favorable injection conditions occur for a higher E in the cap
rock and a friction coefﬁcient of 0.5, resulting in an almost homo-
geneous spatial distribution of DPc in the range of 5.7e6.7 MPa in
the cap rock, which would suggest to inject buoyant ﬂuids into the
limb or valley and “denser” ﬂuids into the crest region.
Fig. 10 shows the contour plots of the injection layer and cap
rock layer in a horizontally layered sedimentary basin featuring thesame model parameters. The results show that the resulting DPc
magnitudes of 4.9e6.4 MPa are similar, yet slightly smaller, when
compared to that of the anticline model. In contrast to the anticline
model, a lower E in the cap rock is favorable, providing higher DPc
magnitudes; and a higher E in the cap rock actually results in the
lowest DPc magnitudes. The comparison shows that for the strike-
slip regime considered, the anticline formation provides better
ﬂuid injection conditions than the horizontally layered structure:
the trap geometry of anticlines naturally contains ﬂuids and DPc
magnitudes are slightly higher.
5.3. Compressional stress regime
For the compressional stress regime, DPc magnitudes range in
0e27 MPa. The results show that the combination of a higher
Young’s modulus in the cap rock and a lower interbedding friction
coefﬁcient results in larger stress differences between the limb and
the crest. As a result, DPc magnitudes in the cap rock limb are as
Fig. 8. s1 orientation for the compressional stress regime models. The s1 orientation
represents the direction along which DPc magnitudes are calculated for Fig. 5.
Fig. 6. s1 orientation for the extensional stress regime models. The s1 orientation
represents the direction along which DPc magnitudes are calculated for Fig. 3.
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would indicate imminent risk of fault reactivation of thrust faults
dipping 30. It needs to be repeated that these DPc magnitudes are
only valid along the s1 direction, which coincides with the sHFig. 7. s1 orientation for the strike-slip stress regime models. The s1 orientation rep-
resents the direction along which DPc magnitudes are calculated for Fig. 4.direction at the crest of the anticline (Fig. 8). DPc magnitudes
calculated along the s3 ¼ sV direction (Fig. 11) conﬁrm this obser-
vation. Based on Eq. (9), DPc magnitudes along the s3 direction are 5
times the value along the s1 direction, and the spatial distributions
of DPc lows and highs are identical. Moreover, these optimally
oriented thrust faults are common features below the neutral sur-
face of buckled and folded layers (Price and Cosgrove, 1990). Hence,
anticline injection sites featuring a higher Young’s modulus of the
cap rock and being characterized by a large degree of ﬂexural slip
folding should be avoided. If ﬂuids were injected at the crest of the
anticline, a scenario featuring a lower E in the cap rock in combi-
nation with a low m would represent the most suitable condition.
This scenario, besides ensuring spatial containment of the ﬂuids,
takes advantage of the higher DPc magnitudes (w60MPa) along the
sV¼ s3 direction at the crest near the injection point and the higher
DPc magnitudes along the s1 direction in the cap rock limb (w15e
18 MPa).
When compared to a model featuring horizontal layers, the
same trend in DPc magnitudes can be observed (Fig. 12). A lower E
in the cap rock features the highest DPc magnitudes (w16 MPa),
and a higher E in the cap rock features the lowest DPc magnitudes
(w4.3 MPa). However, it should be noted that DPc for the hori-
zontally layeredmodel represents a uniform number and except for
the cases of lower friction coefﬁcients (m ¼ 0.1) where DPc magni-
tudes in the anticline structure are higher.
6. Summary and conclusions
The results presented in this study show that the in situ stress
regime is a crucial parameter when assessing the risk of fracture
reactivation due to ﬂuid injection. This is particular relevant for
geological structures with a heterogeneous state of stress such as
the generic anticline structures investigated in this study. The re-
sults presented show thatDPc results are strongly dependent on the
Fig. 9. Pore pressureestress coupling for horizontally layered structures under uniaxial strain conditions. (a) For common Poisson’s ratio of 0.25, the state of stress is in frictional
equilibrium and DPc ¼ 0 MPa. (b) Fluid injection causes imminent risk of fault reactivation along the sv and sH directions. Only a tectonic contribution to sh (c) or Poisson’s
ratio > 0.25 (d) results in conditions suitable for ﬂuid injection, i.e. DPc > 0 MPa.
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different for each combination of model parameters.
In summary, the largest values of DPc are obtained for the
compressional stress regime and the lowest values of DPc (0e
4.6 MPa) are obtained for the extensional stress regime, which in
general agree with the studies by Rutqvist et al. (2007) and
Paradeis et al. (2012). However, these general observations have to
be treated carefully, as for special cases (i.e. higher E in cap rock,
low m) the compressional stress regimemay show variations of DPc
of 0e27 MPa depending on the respective location within the
anticline. Whilst the stress regime exhibiting the most homoge-
neous DPc distribution (4.6e7.7 MPa) without showing anyFig. 10. DPc results for a horizontally layered model under a stlocation of imminent reactivation risk (i.e. DPc ¼ 0) is the strike-
slip regime, the most favorable conditions (i.e. a minimum DPc
of w15e18 MPa) are obtained for the compressional regime for
anticlines featuring a lower E in the cap rock in combinationwith a
low m.
For all stress regimes, the differences in the spatial distribution
of DPc reﬂect the inﬂuence of the Young’s modulus, E, and the
interbedding friction coefﬁcient, m. The general inﬂuence of m can
be summarized as follows: the lower the values of m are, the higher
the DPc magnitudes in the anticline limb are; the lower the values
of m are, the lower/higher the magnitudes for the location of the
minimum/maximum DPc at the crest and valley are, respectively.rike-slip regime for the cap rock-injection layer sequence.
Fig. 11. DPc results for various model combinations for the compressional stress regime along the s3 direction. DPc magnitudes are 5 times the values along the s1 direction.
Fig. 12. DPc results for a horizontally layered model under a compressional stress regime for the cap rock-injection layer sequence.
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A. Eckert et al. / Journal of Rock Mechanics and Geotechnical Engineering 7 (2015) 60e72 71The results presented in this study show that a low interbedding
friction coefﬁcient effectively decouples the layers mechanically
whilst a larger friction coefﬁcient represents a stronger coupling.
This decoupling results in signiﬁcant stress differences at the crest
of the anticline and hence different DPc values between the top of
the injection layer and the bottom of the overlaying cap rock. These
differences in DPc have to be carefully considered as the cap rock is
not characterized by a single value for DPc, contrary to models
featuring horizontally layered sedimentary basins. Similarly, for the
Young’s modulus, it is observed that a higher E in the cap rock in-
creases DPc in the limb but also ampliﬁes the maximum and min-
imum DPc values in the valley and limb, respectively. These
differences in DPc imposed by E and m are further ampliﬁed by
different stress regimes. The more compressional the stress regime
is, the larger the differences between the maximum and minimum
DPc become.
Besides ensuring spatial containment of the ﬂuids, the com-
parison to horizontally layered structures shows that, for the
majority of parameter combinations, the anticline structure re-
sults in higher values of DPc (Table 2). This holds true especially for
the extensional stress regime, where DPc ¼ 0 MPa in horizontal
layers. For the strike-slip stress regime, the horizontal layer sce-
nario is advantageous when the cap rock features a lower Young’s
modulus. For the compressional regime, m signiﬁcantly inﬂuences
the distribution and magnitude of the minimum/maximum DPc
values, respectively. Cases of extremely weak coupling between
the layers, i.e. m ¼ 0.1 and a higher E in the cap rock, may result in
DPc ¼ 0 MPa (both in s1 and s3 directions) at the bottom of the
crest, and hence should be avoided. For all other coupling sce-
narios, the location of minimum DPc is advantageously aligned
with the s3 ¼ sV direction resulting in larger DPc magnitudes for
this direction.
The numerical modeling results presented in this study clearly
demonstrate the complexities that arise when assessing the
maximum sustainable pore pressure difference (based on the
advanced concept of pore pressure-stress coupling) for realistic
structural trap geometries such as anticline structures. In order to
make pre-injection analytical estimates of DPc, a viable and ac-
curate option, knowledge of the interbedding friction coefﬁcient
is of importance. Assuming that Young’s modulus and Poisson’s
ratio are known and since there exists no direct in situ mea-
surement of this parameter, accurate stress measurement is an
absolute requirement for an appropriate calibration of mechani-
cal numerical models to simulate the pre-injection stress state.
This is in agreement with the study of the NRC (2012) which
concluded that sufﬁcient data on fault locations, size and fault
properties, in situ stresses, and rock properties are necessary to
accurately assess seismic risks for ﬂuid injection scenarios on a
site-speciﬁc basis.Table 2
Comparison of DPc magnitudes between horizontally layered models and anticline
models for various stress regimes presented (unit: MPa).
Stress regime E contrast Horizontal
layers
Anticline
low m
Anticline
high m
Extensional Higher E in cap rock 0 0e4.6 0e2
Same E 0 0e2 0e1.5
Lower E in cap rock 0 0e2 0e1
Strike-slip Higher E in cap rock 5.2 4.6e7 5.5e6
Same E 5.5 5.6e7 5.5e6.5
Lower E in cap rock 6 5.3e5.5 4.9e6
Compressional Higher E in cap rock 4.3 0e21 3e12
Same E 11 6e24 12e15
Lower E in cap rock 17 12e24 15e18The results based on the simpliﬁed analytical derivations (i.e.
using long-term limits) show that they are useful to obtain a quick
ﬁrst-order estimate on Pc prior to injection to estimate fault
reactivation risk. It is clear that the true nature of pore pressuree
stress coupling is muchmore complex (Altmann et al., 2010, 2014).
In order to include the spatial and short-term temporal relation-
ships, coupled numerical analyses involving all physical processes
are necessary. However, as shown by Amirlatiﬁ et al. (2012), the
results of the pore pressure evolution with time are strongly
dependent on the ﬂuid ﬂow boundary conditions and thus more
extensive sensitivity analyses are necessary on a case to case basis.Conﬂict of interest
The authors wish to conﬁrm that there are no known conﬂicts of
interest associated with this publication and there has been no
signiﬁcant ﬁnancial support for this work that could have inﬂu-
enced its outcome.Acknowledgments
The authors gratefully acknowledge the ﬁnancial support from
the US Department of Energy National Energy Technology Labo-
ratory under Grant No. DE-FE0001836. We would like to thank two
anonymous reviewers for their valuable and constructive reviews,
which greatly improved the manuscript.Appendix
(1) Intact rock failure equations
In order to calculate the critical pore pressure for the case of
intact rock failure, Eq. (5) is adjusted to consider the rock cohesion,
So:
s01 ¼
2So cos f
1 sin f þ s
0
3
1þ sin f
1 sin f (A1)
Pc can then be obtained for the different principal stress di-
rections. For the s1 direction:
Pc ¼
2So cosfþs3ð1þsinfÞs1ð1sinfÞ12a12n1n ð1þ3sinfÞP
2sinf12a12n1n ð1þ3sinfÞ
(A2)
For the s2 direction:
Pc ¼
2So cosfþs3ð1þsinfÞs1ð1sinfÞþ12a12n1n ð13sinfÞP
1
2a
12n
1n ð13sinfÞþ2sinf
(A3)
For the s3 direction:
Pc ¼
2So cos fþ s3ð1þ sin fÞ  s1ð1 sin fÞ  aP 12n1n sin f
2 a 12n1n

sin f
(A4)(2) Stress orientations
As Pc is minimal along the s1 direction which does not coincide
with the vertical and horizontal directions in an anticline state of
stress, s1 directions for various stress regimes are presented
(Figs. 6e8).
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